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ABSTRACT: Thermoanaerobacter brockiialcohol dehydrogenase (TbADH) catalyzes the reversible oxidation
of secondary alcohols to the corresponding ketones using NADP+ as the cofactor. The active site of the
enzyme contains a zinc ion that is tetrahedrally coordinated by four protein residues. The enzymatic reaction
leads to the formation of a ternary enzyme-cofactor-substrate complex; and catalytic hydride ion transfer
is believed to take place directly between the substrate and cofactor at the ternary complex. Although
crystallographic data of TbADH and other alcohol dehydrogenases as well as their complexes are available,
their mode of action remains to be determined. It is firmly established that the zinc ion is essential for
catalysis. However, there is no clear agreement about the coordination environment of the metal ion and
the competent reaction intermediates during catalysis. We used a combination of X-ray absorption, circular
dichroism (CD), and fluorescence spectroscopy, together with structural analysis and modeling studies,
to investigate the ternary complexes of TbADH that are bound to a transition-state analogue inhibitor.
Our structural and spectroscopic studies indicated that the coordination sphere of the catalytic zinc site in
TbADH undergoes conformational changes when it binds the inhibitor and forms a pentacoordinated
complex at the zinc ion. These studies provide the first active site structure of bacterial ADH bound to a
substrate analogue. Here, we suggest the active site structure of the central intermediate complex and,
more specifically, propose the substrate-binding site in TbADH.

Alcohol dehydrogenases are involved in a wide range of
metabolic functions. The interconversions of alcohols, alde-
hydes, and ketones are essential processes with both prokary-
otes and eukaryotes.Thermoanaerobacter brockiialcohol
dehydrogenase (TbADH)1 is a medium-chain, NADP+-linked
(1, 2), class A enzyme (3) that reversibly catalyzes the
oxidation of secondary alcohols to the corresponding ketones:

Structurally, TbADH is a tetramer comprising four identical
subunits, each containing 352 amino acid residues (molecular
mass of 38 000 Da per subunit). The enzyme is stable at
high temperatures [t1/2 ) 93.8 °C, a temperature at which
50% of the enzymatic activity is lost after 60 min (4)],
tolerates organic solvents well, and exhibits broad specificity
and high reactivity toward secondary alcohols, as well as
low reactivity toward primary alcohols (5-7). The overall
three-dimensional structures of TbADH and its analogous
alcohol dehydrogenase fromClostridium beijerinckii(CbADH)
have been studied by X-ray crystallography (8). The se-
quences of CbADH and TbADH are 75% identical, and they
have very similar three-dimensional structures. Both are
tetramers, and each protomer is composed of two domains:
a cofactor-binding domain and a catalytic domain. These
functional domains are separated by a deep cleft at the
bottom, where a single zinc atom is bound in the catalytic
sites. The crystal structures of TbADH and CbADH reveal
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that the single zinc ion in the catalytic site is bound to Cys
37, His 59, Asp 150, and Glu 60.

To elucidate the kinetic mechanism of catalysis, several
research groups have investigated the steady-state kinetic
mechanism of TbADH. Two main mechanisms have been
proposed; both describe a sequentially ordered type reaction
in which the cofactor (NADP+ or NADPH) binds the free
form of the enzyme, followed by the binding of the
hydroxylate or ketonic substrate (9-11). However, several
differences exist between these two proposed mechanisms.
Ford et al. concluded that the kinetic mechanism is a
sequential ordered bi-bi one, resulting in the formation of
central ternary complexes (9). In contrast, Pereira et al.
proposed a Theorell-Chance bi-bi mechanism in which the
central ternary complexes are not substantially populated
under steady-state turnover (11). In a recent report (10),
Oestreicher et al. have extended these studies by performing
product inhibition experiments and concluded that TbADH
catalyzes the oxidation of secondary alcohols based on the
Therole-Chance bi-bi kinetic model. Both proposed mech-
anisms include substrate binding and product release as
central kinetic events of the mechanism.

X-ray crystallographic studies of TbADH in its holo form
and CbADH in its apo and holo forms suggest that the
mechanism of alcohol dehydrogenase catalysis may differ
between bacterial alcohol dehydrogenases and the mam-
malian horse liver alcohol dehydrogenase (HLADH) (8).
These observations are based mainly on the overall structure
of both enzymes, the type of ligation around the catalytic
zinc ion, and the lack of a structural zinc ion and a “proton
relay” pathway in TbADH. The proton relay pathway, which
was identified in HLADH, consists of a hydrogen bond
network between key residues at the assigned catalytic pocket
(12). It was proposed that the role of this proton relay system
in HLADH is to transfer a proton from the substrate to the
surface of the enzyme during the interconversion of primary
alcohols.

To better understand the mode of action in bacterial
alcohol dehydrogenase (ADH), we have compared the active
site conformation of TbADH in various functional and
inhibited complexes to those of HLADH complexes. We
have studied TbADH complexed with its inhibitor dimethyl
sulfoxide (DMSO) by X-ray absorption spectroscopy and
have characterized it structurally. DMSO is considered to
be an analogue of acetone, which is a substrate for TbADH
and other ADHs, as demonstrated by kinetic models (13,
14). Consideration of DMSO as a substrate analogue
rationalizes the specificity of its interaction with TbADH
and provides a stable transition-state analogue complex that
is suitable for accurate structural analysis (15). We used a
combination of X-ray absorption, circular dichroism (CD),
and fluorescence spectroscopy, together with structural
analysis and modeling studies, to investigate the TbADH-
NADP+-DMSO and TbADH-NADPH-DMSO ternary
complexes. Our structural and spectroscopic studies indicated
that DMSO is bound to the catalytic zinc ion in TbADH.
However, unlike HLADH (13), the coordination sphere of
the catalytic zinc site in TbADH undergoes conformational
changes when it binds the inhibitor and forms a pentacoor-
dinated complex at the zinc ion. These studies provide the
first active site structure of bacterial ADH that is bound to
a substrate analogue. In this work, we suggest the active site

structure of the central intermediate complex and, more
specifically, propose the substrate-binding site in TbADH.

MATERIALS AND METHODS

Materials.All chemicals that were used were of the highest
purity and were obtained from Merck (Darmstadt, Germany),
except when otherwise noted. Trisma base, PMSF, oxidized
and reduced forms ofâ-nicotinamide adenine dinucleotide
phosphate (NADP+ and NADPH, respectively),D,L-dithio-
threitol (DTT), ampicillin, and benzamidine were purchased
from Sigma (St. Louis, MO). DEAE-Sepharose and Red
Sepharose CL-6B were purchased from Pharmacia (Uppsala,
Sweden). Ethylenediaminetetraacetic acid (EDTA) and 2-bu-
tanol were obtained from Fluka Chemical AG (Buchs,
Swizerland). The protein assay kit was purchased from Bio-
Rad Laboratories (Richmond, CA).

Recombinant TbADH.Recombinant TbADH was produced
and purified to homogeneity in a three-step purification
scheme as described by Peretz et al. (16) and Bogin et al.
(17). The recombinant protein was obtained in good yield
(about 300 mg/L) and with a specific activity of 65-70 units/
mg at 40°C.

Enzyme Assay.The enzymatic activity of ADH was
measured at 40°C by following the absorption increase at
340 nm (ε340 ) 6.2 mM-1 cm-1) for the formation of
NADPH from NADP+. The standard assay mixture contained
150 mM 2-butanol, 0.5 mM NADP+, and 100 mM Tris-
HCl (pH 9.0) in a total volume of 1 mL. One unit of ADH
activity is defined as the amount of enzyme that catalyzes
the formation of 1µmol of NADPH per minute at the initial
velocity under the previously mentioned conditions.

Enzymatic activity and kinetic parameters were measured
and calculated using a Beckman DU-7500 spectrophotometer
equipped with a Multicomponent/SCA/Kinetics Plus software
package and a thermostatic water circulating bath.

Kinetic Constants for the Inhibition Reaction of DMSO
and TbADH.DMSO inhibition was carried out with varied
concentrations of 2-propanol (0.2-1.0 mM) and 0.5 mM
NADP+ in 100 mM Tris-HCl (pH 9.0) at 40°C. The
enzymatic activity of TbADH (final concentration of 30 nM)
was measured, and the kinetic parameters were calculated
for various concentrations of DMSO in the range of 0-30
mM.

InductiVely Coupled Plasma Atomic Emission Spectros-
copy (ICP-AES).The metal content in TbADH was analyzed
by inductively coupled plasma atomic emission spectroscopy
using an ICP-AES model “Spectroflame” from Spectro
(Kleve, Germany). Zinc content was determined after
extensive dialysis of protein samples (5 mg each), against
three changes of 100-fold excess volumes of a solution of
25 mM Tris-HCl and 100 mM NaCl (pH 7.3). Samples were
digested with nitric acid, and the volume was adjusted to 5
mL.

Protein Concentration.Protein concentrations were de-
termined using a Bradford reagent with bovine serum
albumin as a standard, and according to the analysis of amino
acid composition.

Circular Dichroism (CD).CD was assessed using an Aviv
spectrophotometer, model 202. The data were collected using
quartz cells with a light path of 10 mm for near UV (250-
320 nm) and 0.1 mm for far UV (180-240 nm). Samples
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for the near UV scan contained 10µM enzyme, 20µM
NADP+, and 1 mM DMSO in 25 mM Tris-HCl buffer (pH
9.0). Samples for far UV scans contained 10µM enzyme,
50 µM NADP+, and 1 mM DMSO in 50 mM phosphate
buffer (pH 8.0).

Fluorescence Measurements.Fluorescence was measured
using a JASO 8100 fluorometer equipped with data process-
ing software. The data were collected using quartz cells with
a light path of 10 mm. Samples contained 1.5µM enzyme,
20 µM NADP+ (or NADPH), and 200 mM DMSO in 100
mM Tris-HCl buffer (pH 9.0).

Structural Analysis and Modeling.The crystal structures
of HLADH, TbADH, and CbADH were analyzed using
Insight II software from MSI. The model of the TbADH-
NADP+-DMSO complex was constructed on the basis of
the experimental X-ray structures of TbADH (PDB entries
1PED and 1YKF) and the HLADH-DMSO complexes
(PDB entry 6ADH). The DMSO molecule was manually
docked into a pocket in the TbADH binding site, formed
when the nicotinamide moiety in NADP+ is rotated by its
conformation in the HLADH-DMSO structure.

X-ray Absorption (XAS). (1) Sample Preparation.TbADH
samples were extensively dialyzed against three changes of
100 volumes of 10 mM HEPES (pH 8.5). HEPES buffer
was used to avoid drastic changes in pH at a cryogenic
temperature. TbADH enzymatic activity was checked in
HEPES buffer for all samples. After dialysis, the enzyme
was concentrated by ultrafiltration using a Millipore Cen-
tricon-30 (Bedford, MA) apparatus to make a final concen-
tration of 40 mg/mL. Samples were loaded into copper
sample holders (10 mm× 5 mm × 0.5 mm) covered with
Mylar tape and immediately frozen in liquid nitrogen. The
frozen samples were then mounted into a Displex closed-
cycle He cryostat, and their temperatures were maintained
at 30 K, to minimize the thermal disorder in the XAS data.

(2) Data Collection.XAS data collection was performed
at the National Synchrotron Light Source at Brookhaven
National Laboratory (Upton, NY), beam line X9B. The
spectra were recorded at the Zn K-edge in fluorescence
geometry at a low temperature (30 K). The beam energy
was defined using a flat Si (111) monochromator crystal.
The incident beam intensityI0 was recorded using an
ionization chamber, and the fluorescence intensity was
recorded using a 13-element Ge detector. The transmission
signal from a zinc foil was measured with a reference ion
chamber simultaneously with fluorescence for the purpose
of beam energy calibration. Several scans of each sample
were collected for a total of 1× 106 counts across the edge.
The samples were checked for burning marks after each scan,
and the beam position on the sample was changed before
each scan to minimize radiation damage. Enzyme activity
was checked after exposure to X-rays, and the enzyme was
found to be fully active.

(3) Data Processing and Analysis.The average Zn K-edge
absorption coefficientF(E) was obtained after several
independent XAS measurements for each sample, which
were aligned in absolute energy using the reference Zn metal
foil XAS data as an absolute energy calibrant. Subsequently,
the absorption coefficients for different samples were shifted
in X-ray energy until their first inflection points were aligned
at the same energy (9658 eV). This alignment assured, to a
good approximation, that the same X-ray energyE0 of 9658

eV could be chosen as the photoelectron energy origin in
all data sets.

Smooth atomic background was removed with the AU-
TOBK program of the UWXAFS data analysis package,
developed at the University of Washington (Seattle, WA)
(18). The same energy (E0 ) 9658 eV) was chosen for the
purpose of background removal as the photoelectron energy
origin. TheR-space region for minimizing the signal below
the first shell was chosen between 0 and 1 Å. After the
background removal, the usefulk-range in the resultantk2-
weightedø(k) was between 2 and 10-11 Å-1. Model data
for the fitting procedure were constructed by extracting out
the catalytic zinc site coordinates (in a radius of 8 Å) from
crystallographic coordinates of CbADH due to its higher
resolution compared with that of the TbADH crystal structure
(19). Using the computer code FEFF7 (20, 21), we calculated
the theoretical photoelectron scattering amplitudes and phase
shifts. The total theoreticalø(k) was constructed by adding
the most important partialø(k) values that contributed to the
r-range of interest.

The theoretical XAFS signal was fitted to the experimental
data using the nonlinear least-squares method implemented
in the program FEFFIT (18) in R-space, by Fourier trans-
forming both the theory and data. Data and theory were
weighted byk and multiplied by a Hanning window function
in Fourier transforms.

RESULTS

We carried out a series of experiments using a combination
of X-ray absorption spectroscopy (XAS), CD, and fluores-
cence spectroscopy, in addition to structural analysis and
modeling studies, on native TbADH, the TbADH-NADP+

complex, and the ternary inhibited complexes of TbADH,
NADP+ or NADPH, and DMSO. The zinc content and the
quality of the protein were checked by examining the specific
activity of the protein, ICP-AES, and gel electrophoresis
assays before every experiment to ensure the optimal state
of the protein during the experimental procedure. The
TbADH samples contained 1 g of zinc/subunit, and their
specific activity was 65-70 units/mg at 40°C.

Inhibition of TbADH by DMSO.DMSO is known to be a
transition-state analogue inhibitor for ADHs (15, 22). The
relative activity of TbADH was measured after titration with
DMSO. In this experiment, holo TbADH (TbADH and the
cofactor) was incubated with the substrate 2-propanol and
titrated with DMSO until complete inhibition was achieved.
Effective inhibition of enzymatic activity was observed after
adding 1 mM DMSO, and complete inhibition of the enzyme
was reached with a total DMSO concentration of about 10
mM in the reaction mixture. The inhibition constant (Ki)
obtained for TbADH inhibition by DMSO is 0.2( 0.05 mM.
The kinetic parameters are consistent with the ones obtained
by others for native TbADH and HLADH inhibition by
DMSO (10, 11, 22).

XAS Studies.The local structures of the catalytic zinc ion
in TbADH, holo TbADH (with NADP+ and NADPH), and
the inhibited TbADH-NADP+-DMSO and TbADH-
NADPH-DMSO complexes were studied by X-ray absorp-
tion near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) spectroscopy. EXAFS is
a valuable technique for elucidating the structure of a variety
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of metal sites in metalloproteins (23-29). More specifically,
the technique measures the transition from the core electronic
states of the metal to the excited electronic or continuum
states. XAS studies can be conducted in any state of matter,
for example, gas, liquid, or crystalline phases. Spectral
analysis near the electronic transition (XANES) provides
information about the metal’s charge state and its geometry.
Spectral analysis above the absorption edge, in the EXAFS
region, provides complementary structural information such
as coordination numbers, types, and distances from neigh-
boring atoms to the central (absorbing) atom. In addition,
XAS is an excellent structural tool for probing the d10 zinc
ion, which is generally spectroscopically silent.

In light of this, we conducted XAS studies to examine
the nature and bonding of active site ligands and the changes
in metal site structures upon binding of DMSO to TbADH.
Figure 1 shows normalized absorption edge data of native
TbADH compared with its spectra when bound to NADP+

and NADPH, and in its ternary complexes when bound to
NADP+ and DMSO, and NADPH and DMSO. Remarkably,
the edge spectra in Figure 1 show substantial changes at the
edge position and in the XANES region between native
TbADH and its various complexes. The Zn absorption edge
shifts to higher energy upon the addition of both cofactors.
Interestingly, the edge position is further shifted to a higher
energy upon binding to NADP+ and DMSO, which is shifted
back toward a lower edge energy, relative to native TbADH,
when it is bound to NADPH and DMSO. Substantial shifts
in energy are directly correlated with changes in the charge
distribution around the metal ion and may also indicate a
change in the coordination number. These changes in
different chemical environments can alter the core-level
binding energies and consequently produce absorption edge
shifts that show up in the XANES (30). The 1.5 eV edge

shift to a higher energy, which is observed upon the binding
of DMSO to holo TbADH, is consistent with an increase in
the oxidation state of the metal ion, as reported by Wirt et
al. (31). Alternations in the charge distribution of the zinc
ion in the various complexes indicate that the zinc ion has a
catalytic role and is central to catalysis.

Changes in the spectral features of XANES are observed
in all complexes at 9663-9735 eV (Figure 1). We have,
therefore, assigned these consistent changes in the various
complexes to the local changes at the coordination sphere
of the catalytic zinc site in TbADH, when it binds the
transition-state analogue inhibitor. In addition, the relatively
small reduction in peak intensity observed at 9735 eV in
the TbADH-NADP+ complex indicates that moderate
conformational changes occur at the catalytic pocket upon
cofactor binding, as reported previously in crystallographic
studies (19).

The results of the EXAFS data analysis of TbADH,
TbADH-NADP+, and TbADH-NADP+-DMSO and
-NADPH-DMSO complement our edge analysis. Table 1
and Figure 2 present the fitting results of the catalytic zinc
site of TbADH and complexes.

Standard and simultaneous curve-fitting procedures were
used to fit the FEFF7 theory data (20) to the real and
imaginary parts of the Fourier-transformedø(k). The k2

weighting factor and the Hanning window function, defined
between 2 and 10 Å-1 for the TbADH, TbADH-NADP+,
and TbADH-NADPH data, and between 2 and 11 Å-1 for
the inhibited complexes data, were used in Fourier trans-
forms. During the fitting procedure, the corrections to the
energy origin (∆E0), bond distances (∆R), and mean square
disorders of the distances (σ2) were varied until the best fit
was obtained. The number of relevant independent data
pointsNidp in the data was calculated using eq 1 (32)

where∆k and∆r represent the data ranges ink andr spaces,
respectively. Equation 1 implies that the number of fit
variablesP should be smaller thanNidp. To reduce the number
of fit variables, we fixed the many-body factorS0

2 at 1.0,
and the following fitting procedures were developed.

The same theoretical single-scattering paths corresponding
to the first shell Zn-N, Zn-O1, Zn-O2, and Zn-S
distances were fit to all data sets simultaneously (Zn-O1
and -O2 represent different Zn-O ligands in the model).
The∆r fitting range was from 1 to 2.1 Å, which corresponds
to the first shell. The following constraints were applied to
the different fitting parameters. All∆E0 corrections were
constrained to be identical for all paths and for all data sets.
This approximation is justified because the raw absorption
coefficients are aligned in energy as previously described.
The corrections∆R to the model Zn-O1 and Zn-O2
distances were constrained to be the same, since these bond
lengths are proximal to each other in the model. In addition,
the mean square disorders in the Zn-N bond lengths for all
these complexes (σ2) were constrained to be equal to each
other, as were those for the Zn-O and Zn-S bond distances.
This is a reasonable approximation, since these bond force
constants are not expected to be too different between the
same atomic pairs in the various complexes, where the

FIGURE 1: Raw XANES region data of TbADH complexes with
cofactor and DMSO. Raw XAS data in the Zn K-edge region of
TbADH (s, A), TbADH-NADP+ (4, B), TbADH-NADPH (‚‚‚,
C), TbADH-DMSO-NADP+ ([, D), and TbADH-DMSO-
NADPH (O, E). All data sets were normalized by fitting a linear
polynomial function from-150 to-20 eV and from 75 to 200 eV
below and above the edge, respectively. The edge step was
determined by the difference between the pre-edge and post-edge
fits. The overall shape of the edge spectra of each sample differs.
The most distinct features are the edge position, the edge shape,
and changes of the∼9730 eV peak at the XANES region (marked
with an arrow). Such an alternation in edge structure indicates that
TBADH undergoes conformational changes at the catalytic zinc
ion upon binding of cofactors and the transition-state analogue
inhibitor DMSO.

Nidp ) 2∆k∆r
π

+ 2 (1)
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nearest atomic environment is similar. The number of
variables was further decreased by constraining theσ2 to be
identical for all Zn-N and Zn-O bonds. Therefore, the total
number of variables was 13:∆E0 and N for the Zn-O1
bond in DMSO;∆R for three Zn-N, three Zn-O1, and three
Zn-S bonds; andσ2 for the Zn-N and Zn-S bonds. The
number of independent points was 20. The possibility of
having more than two nearest-neighbor oxygen ligands in
the TBAD-NADP+-DMSO complex was accounted for by
varying the numberN of O1s in the data set, which results
in a stable minimum at 2.7( 0.7 ligands. Table 1A presents
the results of the simultaneous fitting procedure. The Zn-N
(His) bond distances appear to be shortest at about 1.8 Å in
all complexes. The Zn-O distances are similar in all the
fits except for the additional contribution of oxygen in the
ternary complex. The Zn-S bond appears to be longer (2.31
Å) in the inhibited complex; however, further analysis
showed that this distance might be overestimated due to
correlation problems in the fit.

The simultaneous multiple-data set fitting procedures
provided us with the basic fitting parameters to be used for
the final refinement of the local structures in all five
complexes. Distance and coordination number parameters
obtained by the multiple-data set analysis for each complex
were refined by analyzing each data set separately, avoiding
the use of heavy constraints. This procedure yielded better
ø2 and r-factors for all fits. The possibility of a higher
coordination number (more than four ligands) at the active
zinc site of TbADH-NADP+-DMSO and TbADH-

NADPH-DMSO complexes was further examined by step-
ping the coordination number and∆E0 in a standard curve-
fitting analysis. Each data set (for each complex) was fitted
separately by a theoretical model, which included the first-
and second-shell contributions using a standard EXAFS
analysis procedure. To examine the stability of the fitting
results at the minimum, we increased the number of the
oxygen ligands in the fit from two to five and stepped it up
in increments of one ligand at a time. For example, in the
fitting analysis of the TbADH-NADP+-DMSO complex,
such a procedure gaveR-factors of 0.019, 0.007, 0.0071, and
0.0075. The reducedø2 behaved similarly, being higher (not
acceptable) for the five-oxygen fit. These results were
consistent with three or four Zn-O ligand contributions, one
Zn-N contribution, and one Zn-S contribution at the
catalytic site of the inhibited complex of TbADH.

Comparison of the Zn coordination in TbADH and
TbADH-NADP+ has confirmed the crystal structure, re-
vealing a tetraheadral structure around the zinc ion in both
complexes. The distances around the metal ion, obtained by
XAS curve-fitting analysis, do not exhibit significant changes
upon binding of the cofactor. Moreover, distance and
coordination number parameters in the various complexes
manifest the same trend that was obtained in the simultaneous
fits. The distances in the catalytic zinc site in the TbADH-
NADP+-DMSO ternary complex are 1.83 Å for one Zn-N
bond, 2.24 Å for one Zn-S bond, 1.85 Å for one Zn-O
bond, and an average of 2.05 Å for two or three Zn-O
ligands. The zinc site coordination in the TbADH-NADPH-

Table 1: EXAFS Curve-Fitting Results

Aa

TBADH TBADH-NADP+ TBAD-NADP+-DMSO

∆E0 (eV) -2.7 (2.6) (V) -2.7 (2.6) (C) -2.7 (2.6) (C)
N, ZN-O 2 (F) 2 (F) 2.61(68) (V)
R, ZN-N (Å) 1.82(6) (V) 1.81(7) (V) 1.78(10) (V)
R, ZN-O1 (Å) 1.95(4) (V) 1.94(4) (V) 1.93(4)× 2 (V)
R, ZN-O2 (Å) 1.97(4) (C) 1.96(4) (C) 1.96(4) (C)
R, ZN-S (Å) 2.24(2) (V) 2.21(3) (V) 2.31(2) (V)
σ2, ZN-N (Å2) 0.0000(33) (V) 0.0000(33) (C) 0.0000(33) (C)
σ2, ZN-O (Å2) 0.0000(33) (C) 0.0000(33) (C) 0.0000(33) (C)
σ2, ZN-S (Å2) 0.0000(22) (V) 0.0000(22) (C) 0.0000(22) (C)

Bb

TbADH TbADH-NADP+ TbADH-NADPH
TbADH-NADP+-

DMSOc
TbADH-NADP+-

DMSOd
TbADH-NADPH-

DMSO

∆E0 (eV) 0 [C] 0 [C] 0 [C] -2.7 [C] 0 [C] 3.0 [C]
R, Zn-N (Å) 1.81(3) [V] 1.83(4) [V] 1.80(5) [V] 1.83(1) [C] 1.83(2) [V] 1.87(1) [V]
R, Zn-O1 (Å) 1.98(2) [V] 1.96(3) [V] 1.99(3) [V] 1.85(1) [C] 1.83(3) [V] 1.75(1) (V)
R, Zn-O2 (Å) 2.01(2) [V] 1.98(3) [V] 1.99(3) [C] 2.02(2)× 2 [C] 2.00(2) [V] 2.01(1) [C]
R, Zn-O3 (Å) - - - - 2.10(3) [V] 2.05(1) [V]
R, Zn-S (Å) 2.24(2) [V] 2.21(3) [V] 2.24(3) [V] 2.24(2) [V] 2.25(3) [C] 2.25(1) [C]
σ2, Zn-N (Å2) 1.6× 10-5 [V] 8.3 × 10-4 [V] 2.4 × 10-3 [V] 1.1 × 10-3 [V] 1.0 × 10-4 [V] 1.0 × 10-6 [C]
σ2, Zn-O1 (Å2) 3.5× 10-3 [V] 3.0 × 10-5 [V] 4.6 × 10-3 [V] 1.1 × 10-3 [C] 1.0 × 10-4 [V] 5.0 × 10-4 [C]
σ2, Zn-O2 (Å2) 3.5× 10-3 [V] 3.0 × 10-5 [V] 4.6 × 10-3 [C] 1.1 × 10-3 [C] 1.0 × 10-4 [V] 1.0 × 10-6 [V]
σ2, Zn-O3 (Å2) - - - - 1.0× 10-4 [V] 1.0 × 10-6 [V]
σ2, Zn-S (Å2) 1.2× 10-5 [V] 1.1 × 10-4 [V] 2.8 × 10-5 [V] 1.2 × 10-3 [V] 1.0 × 10-4 [C] 1.0 × 10-5 [V]

a Results of simultaneous EXAFS curve-fitting analysis for TbADH, the TbADH-NADP+ complex, and the TbADH-NADP+-DMSO complex.
The uncertainties are given in parentheses. The symbols F, V, and C stand for fixed, varied, and constrained, respectively, and indicate how the
respective parameter was treated in the fit, as described in the text. Zn-O1 and Zn-O2 represent the different Zn-O bond distances in the model.
b Results of EXAFS curve-fitting analysis after the simultaneous fit was refined (part A). Part B lists the best fitting results that were obtained for
the various complexes of TbADH. The ternary-inhibited complex is consistent with three Zn-O bond distances, one Zn-N bond distance, and one
Zn-S bond distance. Zn-O1, Zn-O2, and Zn-O3 represent the different Zn-O ligands in the model.c The native TbADH that was constructed
from crystallographic data was used in the fitting procedure.d The ternary-inhibited model that was constructed from our modeling studies was
used in the fitting (see Results). The estimated error on the total number of the Zn-O ligands is(0.5. The coordination number at the catalytic zinc
ion is consistent with five or six ligands.
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DMSO complex is consistent with bond distances of 1.87 Å
for one Zn-N bond, 2.25 Å for one Zn-S bond, 1.74 Å for
one Zn-O bond, and an average of 2.03 Å for two or three
Zn-O ligands.

In addition, the TbADH-NADP+-DMSO and-NAD-
PH-DMSO XAS data were fitted to a new theoretical model
of the active site, which was constructed from our studies
of structural analysis (see Figure 5). Specifically, the new
model contained a DMSO molecule directly bound to the
zinc ion in the catalytic site of TbADH. Initial fits were
performed by varying the coordination number of the three
Zn-O contributions, which represent the Zn-Glu, Zn-Asp,
and Zn-DMSO bonds. The best fit was obtained with three
or four Zn-O ligands, which is consistent with the total of
five or six ligands around the zinc ion. First-shell parameters
were determined by varying∆Randσ2 for all first-shell paths
(Table 1). To further examine the validity of these results,

we fit the data to a single Zn-O contribution with a varying
coordination number while constraining most of the other
parameters. The number of Zn-O contributions obtained by

FIGURE 2: EXAFS fitting results of the zinc site in the native
TbADH and the TbADH-NADP+-DMSO complex. Representa-
tion of fitting results inR-space of experimental data (s) of native
TbADH (A) and TbADH-NADP+-DMSO (B) to simulated
theoretical Zn-ligand contributions of the TBADH active site (‚‚
‚). Experimental data were extracted and normalized using the
UWXAFS analysis package. The theoretical XAFS signal was
constructed of apo-CBADH subunit B active site data (PDB entry
1PED) and calculated using FEFF7. The experimental data were
fitted to the theoretical data using the nonlinear least-squares method
implemented in the program FEFFIT inR-space, by Fourier
transforming both theory and data. Data and theory were weighted
by k and multiplied by a Hanning window function (with margins
of 2 Å-1) for the Fourier transforms. The fits shown here were
preformed using anR-window from 1 to 2.1 for both samples and
in a k-window from 2 to 10 for the native form (A) and from 2 to
10.5 for the ternary complex form (B).

FIGURE 3: Near UV CD spectra of TBADH, TBADH-NADP+,
and TBADH-NADP+-DMSO. Near UV CD spectra between 250
and 320 nm of TBADH (A), the TBADH-NADP+ complex (B),
and the TBADH-DMSO-NADP+ complex (C) were measured
at 25°C after excitation at 280 (a) and 295 nm (b). Spectra were
obtained by subtracting the background spectra relevant to each
sample (same sample components without TBADH) and normal-
izing the data to the signal at 315 nm. The regions of contribution
of aromatic amino acids are denoted.

FIGURE 4: Fluorescence spectra of native TBADH, TBADH-
NADP+, and TBADH-NADP+-DMSO. Fluorescence emission
spectra between 300 and 400 nm of native TBADH (A), the
TBADH-NADP+ complex (B), and the TBADH-NADP+-
DMSO complex (C) were measured at 25°C.
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this procedure was 3.8( 0.9, and the average distance was
2.02 Å. Repeating this procedure with fixing of one Zn-O
contribution resulted in a coordination number of 2( 0.2
(to yield a total of three Zn-O contributions) and an average
distance of 2.06 Å. Although these fits resulted in high
Debye-Waller factor values because of the fit constraints
and the distorted zinc site, they provide additional support
for the pentacoordinate zinc site in TbADH-NADP+-
DMSO and-NADPH-DMSO complexes.

The metal-ligand distances at the catalytic site, which
were derived from the crystal structure of holo TbADH, are
2.07 Å for the Zn-O(Asp) bond, 3.8 Å for the Zn-O(Glu)
bond, 1.95 Å for the Zn-N(His) bond, and 2.33 Å for the
Zn-S(Cys) bond. A survey of Zn(II)-N and -O bond
distances within the metallo-organic complexes (taken from
the Cambridge data bank) revealed Zn-N and Zn-O
distance ranges of 1.90-2.04 and 1.80-2.05 Å, respectively,
for tetrahedral complexes and 1.9-2.15 and 1.8-2.25 Å for
pentacoordination complexes, respectively. A similar survey
for Zn-S distances (taken from the Protein Data Bank and
the Cambridge data bank) reported distances in a range of
2.23-2.36 Å. The distances obtained from our curve-fitting
procedures are in good agreement with these results and
therefore provide refined local structures of the zinc coor-
dination at the catalytic sites of the native enzyme and
holoenzyme of bacterial alcohol dehydrogenase complexes.

The Fourier-transformed (FT) EXAFS data of the ternary-
inhibited complexes resulted in a distinct split in the first-
shell peak of the FT spectrum (Figure 2B). The shape of the
FT peak (in the ternary complexes) was maintained through-
out a series of background removal conditions and appeared
only in the ternary complex. A combination of two distinct
peaks in the FT first shell suggests a distance distribution of

bond lengths, which is supported by our fitting results (Table
1).

Our XAS analysis described here is consistent with a
coordination number of five or six at the catalytic zinc ion
in TbADH. Attempts to fit the data to the tetracoordination
sphere failed or resulted in unreasonable Debye-Waller
factor values. Figure 2 shows the fitting results inR-space
of native TbADH and the TbADH-NADP+-DMSO com-
plex. Table 1 lists the fitting results and parameters for the
various complexes. Best fits were obtained by introducing
the second-shell contributions in the fitting procedure.
Standard errors associated with EXAFS-derived distances
are(0.03.

To further investigate the inhibitory effect of DMSO on
TbADH in solution, we conducted UV CD and fluorescence
studies. UV CD experiments were conducted with both
NADP+ and NADPH as cofactors and revealed the same
spectral trend. Fluorescence experiments were conducted
with NADP+ following protein fluorescence studies.

UV CD Studies.Most of the UV CD measurements were
conducted with NADP+ as a cofactor because of chemical
stability of NADPH. Figure 3 shows the near UV CD spectra
of native TbADH, TbADH-NADP+, and TbADH-NADP+-
DMSO. Changes in near UV CD spectra can serve as
footprints for changes in the ternary structures of aromatic
residues in specific wavelengths (33, 34). Typical transitions
at 285-298, 265-283, and 255-265 nm are assigned for
the aromatic residues tryptophan, tyrosine, and phenylalanine,
respectively. Figure 3 shows that two peaks are changed upon
addition of the cofactor. A large change in peak intensity
(going to a negative value) is observed at 259 nm, probably
due to the aromatic adenine ring of the cofactor. The change
at 275 nm can be assigned to the 120° rotation of Tyr 218
due to cofactor binding, as indicated by crystallography (8).
The tryptophan region at 289 nm is stable and resistant to
changes in all spectra. No change was observed in the
TbADH and TbADH-DMSO spectra (data are not shown).

Inhibition of TbADH with DMSO results in a substantial
change in the peak at 266 nm. We assigned this change
mainly to the exposure of Tyr 267 to solution upon the
binding of DMSO to the zinc ion, as indicated by our
modeling results. The change in peak intensity at 266 nm
can also be partly accounted for by the further rotation of
Tyr 218, due to changes in the cofactor position upon binding
to DMSO. These results clearly show that some aromatic
residues, presumably located at the active site of TbADH,
reorganize their position upon cofactor and inhibitor binding.
A comparison of the overall shape of the UV CD signal of
the ternary-inhibited complex with native TbADH suggests
that the binding of DMSO retained the native conformation
of the catalytic site. This may indicate that the catalytic site
in the productive enzyme is large enough to accommodate
the DMSO molecule at the catalytic site, as indicated by
XAS.

Far UV CD studies (35, 36) (data not shown) indicate that
there is no conformational change in the secondary or tertiary
structure of TbADH upon the addition of NADP+ and
DMSO. These results are consistent with the crystal struc-
tures of TbADH (8). In contrast to HLADH, no conforma-
tional changes upon cofactor binding were observed in
TbADH.

FIGURE 5: Active site modeling representation of the TbADH-
NADP+-DMSO complex. Superimposition of the structures of the
TbADH-NADP+ and TbADH-NADP+-DMSO complexes re-
veals the conformation changes that take place upon binding of
DMSO. A substantial structural change at the active site is observed
at the nicotinamide ring with respect to the rest of the NADP+

molecule. Rotation of the ring (light green) allows DMSO to bind
to the zinc ion in the catalytic site in TbADH. This rotation allows
the accommodation of the DMSO oxygen (red) as a fifth ligand at
the catalytic zinc ion. The changes at the active site upon NADP+

and DMSO binding are accompanied by changes in the conforma-
tion and the environment of Tyr 267, and to a lesser extent at Tyr
218 (purple). The DMSO molecule is sandwiched between the
aromatic rings of nicotinamide and Trp 110 (not shown). This
structural representation of the ternary-inhibited complex suggests
a pentacoordination intermediate state of TbADH during catalysis.
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Fluorescence.Inhibition by DMSO was also investigated
by fluorescence spectroscopy. We measured the emission
spectra of the protein in various complexes after excitation
at 280 and 295 nm (Figure 4). Binding NADP+ to TbADH
resulted in substantial quenching of the fluorescence signal
and was observed in both spectra. Adding DMSO to
TbADH-NADP+ caused further moderate quenching ob-
served only after excitation at 280 nm.

Emission after excitation at 280 nm reflects the contribu-
tion of tryptophans and energy transfer from tyrosines to
tryptophans, whereas emission after excitation at 295 nm
reflects only changes in the contribution of tryptophan (37).
Our results indicate that the quenching induced by NADP+

and DMSO occurs mainly at the tyrosine residue level. These
results are consistent with our near UV CD spectra and again
confirm our experimental results, which are described here.
The addition of NADPH to TbADH in the absence and
presence of DMSO results in a similar fluorescence pattern.
Interestingly, the quenching induced by NADPH and DMSO
involves both tyrosines and tryptophans (data are shown).
Although, the reaction conditions used in this assay were
not optimal for the binding of NADPH (pH 9.0), this may
suggest that DMSO binds to the TbADH-NADPH complex
near tryptophan residues, as is also suggested by our
modeling analysis.

Structural Analysis and Modeling Studies.Characterization
of the conformational changes that take place at the active
site of TbADH during substrate or inhibitor binding is
necessary for understanding the enzymatic catalysis occurring
in TbADH. To this end, we superimposed the structures of
TbADH and HLADH and constructed a model structure of
the TbADH-NADP+-DMSO complex.

The apo and holo crystal structures of CbADH, which are
closely related to TbADH, were compared. Superimposition
of both structures indicates that the largest changes in
conformation that occur in the active site upon cofactor
binding consist of the rotation of the side chains of Tyr 267,
Tyr 218, Met 285, Arg 200, and His 42 along with small
backbone and side chain conformational changes for Lys 340.
A comparison of the holo structures of CbADH and TbADH
shows that the conformations of Tyr 267 and Tyr 218 in the
two structures are similar. The binding of NADP+ affects
mostly the conformation of Tyr 267 and, to a lesser extent,
Tyr 218, which are located near the catalytic site of the
enzyme in TbADH. Superposition of the structures of
HLADH and HLADH-NAD-DMSO reveals that the major
structural change at the active site is the rotation of the
nicotinamide ring with respect to the rest of the NADP+

molecule. As shown in Figure 5, this rotation enables the
DMSO molecule to bind the zinc ion at the catalytic site in
TbADH. Interestingly, the zinc ion in TbADH does not need
to rearrange its coordination sphere substantially upon DMSO
binding. Thus, in contrast to the catalytic zinc ion in the
HLADH-NAD-DMSO complex, which exhibits tetrahedral
coordination (38, 39), in TbADH the tetrahedron is severely
distorted and three out of the four ligands are almost
coplanar. Such a configuration allows the accommodation
of a fifth ligand at the zinc ion, creating a bipyramidal
geometry. When a DMSO molecule is placed in this position,
it is sandwiched between the aromatic rings of the nicotin-
amide and Trp 110. The most significant conformational
change required for binding DMSO is therefore the rotation

of the cofactor nicotinamide ring, as observed in HLADH
and as shown in our fluorescence and CD results (see Figures
3 and 4).

DISCUSSION

Different catalytic mechanisms for alcohol dehydrogene-
sase (ADH) have been proposed for catalysis on the basis
of accumulating structural and spectroscopic evidence gath-
ered from the most studied enzyme, HLADH (1, 2). It is
now agreed that catalysis involves (1) different ligand states
of the active site zinc ion during the catalytic cycle, (2)
conformational changes of the protein induced by cofactor
binding, and (3) temporal separation of proton abstraction
from the chemical step of hydride transfer. These molecular
events are controlled by ionizing groups for which a specific
assignment remains controversial, despite the availability of
numerous structural, chemical, and kinetic studies. The two
main types of structural mechanisms that have been proposed
for HLADH differ specifically in the hypothesized coordina-
tion of the zinc ion during catalysis. In both mechanisms,
however, the role of the coordinated water molecule in
HLADH seems to be important for catalysis. This bound
water molecule and the proton charge relay, created by a
hydrogen bond system at the catalytic site, as suggested by
Branden et al. (40), perform an acid-base catalysis in the
reaction. On the basis of a proton relay system, it was
proposed by Dworschack and Plapp (41) that the alcohol
molecule is added to the tetrahedral zinc ion to form
pentacoordinated zinc during catalysis. In contrast, Dunn et
al. and other researchers (42-44) also proposed a mechanism
based on a charge relay system whereby the substrate
displaces the zinc-bound water without going through a
pentacoordinated intermediate. To date, there is no clear
agreement about the coordination number around the metal
ion or the ionization states of the metal-bound substrate
during the course of catalysis in alcohol dehydrogenase
systems.

An interesting development in the field occurred when the
crystal structures of the mesophilic and thermophilic forms
of bacterial ADH became available (19). The structure of
the active site in the bacterial ADH was found to be different
from that of the mammalian ADH. The differences are
mainly due to the type of first-shell ligation around the
catalytic zinc ion and the absence of a hydrogen bonding
network that forms the charge relay system in HLADH. On
the basis of the crystal structures, it was concluded that the
mechanism of catalysis in bacterial ADHs and HLADH
might differ. The exact location of the substrate has not been
identified by crystallography, adding to this inconclusiveness.
A first attempt to cocrystallize TbADH with substrate was
recently reported by Shoham and colleagues (45). However,
this structure represents only a binary complex with TbADH
and 2-butanol as a substrate. The authors suggest a mech-
anism in which the zinc ion is displaced to its catalytic
position after cofactor binding. This hypothesis is interesting;
however, our structural studies on native, functional, and
nonfunctional complexes failed to reveal any of these
changes on the zinc ion. In addition, we speculate that such
a rearrangement should be favorable by energetic and
thermodynamic considerations at the active site of TbADH.

Changes in the charge distribution on the zinc ion in the
various complexes (Figure 1) suggest that the metal ion is
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required for chemical stabilization of the various intermediate
states during catalysis. The structural similarity between the
TbADH-NADP+-DMSO and TbADH-NADPH-DMSO
complexes, revealed by our XAS analysis, suggest that
substrate binding and product release are mediated by a
central event at the zinc ion. This hypothesis is consistent
with the kinetic models suggested for TbADH (9-11).

Furthermore, our experimental and modeling studies on
the ternary TbADH-inhibitor complex suggest that the
substrate site can be sandwiched between the cofactor and
the Trp 110 side chain, while binding the zinc ion (Figure
5). This configuration is analogous to the one observed in
HLADH. Recent studies by Colby et al. (46) have demon-
strated, by double mutation and crystallography of ternary
complexes, that the substrate and the cofactor in HLADH
have to be sufficiently close. In this way, this conformation
will allow a direct transfer of a hydride ion from the alcohol
secondary carbon to the C4 position of the nicotinamide ring.
In addition, the contribution of quantum mechanical tunneling
to this hydride transfer step has been demonstrated (47).

The reaction conditions of TbADH and complexes taken
in our measurements were chosen on the basis of maximum
enzyme activity detected at a given pH and under specific
salt conditions. The catalytic activity of liver alcohol
dehydrogenase is strongly pH-dependent over a wide range.
It has been established that this pH dependence is derived
from the combined effects of pH on several steps in the
catalytic mechanism. The dissociation of the HLADH-
NAD+ and HLADH-NADH complexes exhibits pronounced
pH dependence, which is not present for the dissociation of
the zinc-free enzyme-cofactor complex (48). It is widely
believed that the zinc-bound water molecule is linked to a
proton relay system in the horse liver enzyme, since it allows
the proximity of the nicotinamide ring in the binary enzyme,
which probably accounts for the strong pKa dependence.

Our structural analysis and modeling studies suggest that
a conformation change occurs in the active site of related
tyrosine residues (Tyr 267 and Tyr 218) and an ap-
proximately 90° rotation of the nicotinamide ring occurs upon
cofactor and DMSO binding. In our model, the DMSO
molecule is in direct contact with the nicotinamide group of
the cofactor. Our model is supported by our CD and
fluorescence spectroscopy results (Figures 3 and 4), which
show a relatively large rearrangement of aromatic residues
upon binding of NADP+ and a more subtle change after the
binding of DMSO.

Recent Raman spectroscopy studies by Deng et al. on
inhibited HLADH suggest an energetic transition-state model
for the ternary HLADH complex, where the zinc is bound
in a tetraheadral coordination and the inhibitor molecule is
linked to Ser 48 through a hydrogen bond (49). Similarly,
we measured the distance between the DMSO ligand and
the analogous residue Ser 37 in our model for the inhibited
TbADH. The distance between the residues is 3.1 Å, which
is within hydrogen bond distance, given the limited accuracy
of model structures.

The possibility of a different mechanism of action in
bacterial ADH was initially proposed by Korkhin et al., on
the basis of the bacterial ADH crystal structures (19). This
proposal took into consideration the general protein structure
as well as the type of ligation around the catalytic zinc ion.
The likelihood of zinc-bound His, Asp, Glu, and Cys residues

occurring in secondary structural elements has been calcu-
lated for catalytic and structural zinc in protein structures
(50, 51). Because of the large propensity (65%) that was
irrespective of its functional or structural role, it was
suggested that the zinc ligation does not impose any extra
constraints on secondary structures. In addition, it was
demonstrated that in 8% of the cases, mostly in carbonic
anhydrases, the zinc ion in protein-inhibitor complexes
exhibited pentacovalant coordination. Moreover, most (74%)
of the pentacoordinated catalytic zinc ions have trigonal
bipyramid geometries (50, 51).

On the basis of our studies and the results with X-ray
crystallography of TbADH previously reported (19), we
propose that the mechanism of action in bacterial alcohol
dehydrogenases is different from that of mammalian alcohol
dehydrogenase, and that it has a pentacoordinated Zn2+

intermediate. The structural differences between HLADH and
TbADH are reflected by the lack of any significant change
in the far UV CD studies of TbADH upon cofactor binding
and in the different architecture of the catalytic metal site.
Our XAS data analysis is consistent with a coordination
number of five or six at the catalytic zinc ion in TbADH-
NADP+-DMSO and-NADPH-DMSO complexes. The
average expansion in the first-shell distances, from the native
enzyme to the ternary complex, supports a higher coordina-
tion number at the zinc ion. Our modeling studies suggest a
pentacovalent coordination number with a trigonal bipyra-
midal conformation in the central intermediate complex
during catalysis. However, we cannot rule out the possibility
of a sixth ligation by oxygen from a proximal amino acid
residue.

At this stage, our results support the presence of a proton
relay system that facilitates catalysis. However, further
investigations are needed to prove this point.
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